Abstract: A simple oscillator model is proposed to investigate the frequency dependence of cochlear two-tone suppression (2TS), which is the cochlear response to a tone decrease when a second sound is simultaneously presented. The frequency dependence of 2TS exhibits two characteristics. First, the shapes of the input-output (IO) curves as a function of the input levels of the two tones depend on the frequency ratio of the two tones. Second, the temporal features of suppressed responses vary with the frequency ratio. To account for 2TS, the saturation function is widely used; however, it cannot explain the frequency dependence of cochlear 2TS. Transmission line models can reproduce the frequency dependence of cochlear 2TS. It has been suggested that complicated cochlear mechanics generate 2TS in the transmission line model. The model proposed in this study includes a one-degree-of-freedom oscillator and feedback via the saturation function, which produces basic cochlear properties such as amplification, frequency selectivity, and compressive nonlinearity in the model. Simulations show that the transmission line model and our proposed model can reproduce the frequency dependence of 2TS in the IO functions and temporal responses, indicating that the frequency dependence of 2TS requires basic cochlear properties such as amplification, frequency selectivity, and compressive nonlinearity, which are involved in saturating the feedback.
INTRODUCTION
In human hearing, the cochlea acts as a frequency analyzer. This analysis is performed by measuring the resonance based on the frequency of the incoming sound in the cochlea. A probe tone generates a sharp and amplified cochlear resonance; however, when a second tone, called a suppressor tone, is simultaneously presented, this sharp and amplified resonance becomes broad and decayed. This phenomenon is called two-tone suppression (2TS) and was first observed in the auditory nerve in [1] . Two decades later, 2TS was also observed in the basilar membrane (BM) [2] and inner hair cells [3] of the cochlea. Furthermore, Ref. [2] concluded that attenuation of the mechanical vibration of the BM produces 2TS.
Phasic and tonic suppression have both been observed in cochlear mechanics. Phasic suppression occurs when a suppressor frequency is far from the resonance frequency, known as the characteristic frequency (CF), and produces an amplitude modulation (AM) response to probe tones [4] [5] [6] . In contrast, tonic suppression occurs when a suppressor frequency is close to the CF and yields temporal response with a constant envelope to probe tones [2, [4] [5] [6] [7] . Although the mechanism of the frequency dependence of cochlear 2TS is still unclear, mechanisms for both phasic and tonic suppression are proposed in this study.
The saturation function is widely used to explain cochlear nonlinearities such as compression, distortion products, and 2TS [8] . For tonic suppression, a saturation function approximated by a power series produces 2TS, where the output magnitude of one signal is suppressed when the input magnitude of another signal is increased [9, 10] . The mathematical explanation of 2TS shows that the envelopes of the temporal responses to both the probe and suppressor tones are constant and do not depend on the input frequencies. Alternatively, for phasic suppression, Refs. [5, 11] proposed a 2TS mechanism based on a saturation function imposed using a low-frequency suppressor on the BM. This low-frequency suppressor provides a rest point in the input-output (IO) property of the saturation function and is separate from the frequency dependence of the 2TS. Therefore, the two mechanisms of 2TS indicate that both a saturation function and a frequency term are necessary to account for 2TS in the BM.
Modeling studies provide a potentially helpful method of accounting for 2TS in the BM. Transmission line models can calculate the fluid and mechanical dynamics of the cochlea, and some transmission line models have simulated 2TS using active elements that include simple saturation functions [12] [13] [14] [15] [16] [17] . To simulate phasic suppression in the BM, Ref. [17] showed that a BM response can be computed using a combination of both the probe and suppressor tone frequencies as an AM signal. Thus, an AM signal is representative of phasic suppression in the BM. However, the 2TS mechanisms obtained from this transmission line model are more complicated than those obtained from the saturation function [5, 9, 10] . The reason for this is as follows. First, the transmission line model is spatially discretized over a few hundred segments. Second, each segment is coupled to neighboring segments by cochlear fluid. Finally, an active element on each segment enhances BM motion. As a result of these mechanics, the transmission line model can account for 2TS.
Simple models of cochlear partition, such as nonlinear oscillator models, provide identical descriptions of activities that ignore fluid coupling. A nonlinear oscillator model can reproduce the essential features of 2TS, such as a primary tone suppressing or being suppressed by another primary tone [18] . The potential importance of mechanoelectrical transduction in active outer hair cell (OHC) processes has also emerged in the oscillator model [19] . The relevant studies support the idea that the mechanoelectrical transfer function of the OHCs influences the active nonlinear process in cochlear mechanics.
This study investigates the frequency dependence of cochlear 2TS using a simple model that includes a saturation function. In Sect. 2, a nonlinear transmission line model and a simple oscillator model are introduced to simulate cochlear 2TS. In Sect. 3, we show that the models can represent the frequency dependence of 2TS in the BM. A discussion of the results is presented in Sect. 4, followed by our conclusions in Sect. 5.
MODEL

Transmission Line Model of Cochlea
The shape of the cochlea is that of a coiled duct. The BM runs along the length of the cochlea and divides the fluid-filled cochlear duct into two chambers. Incoming sound waves drive BM resonance, which depends on the frequency of the sound and occurs at the base and the apex for lower and higher frequencies, respectively.
The transmission line model reproduces the mechanical dynamics in the cochlea well [12] [13] [14] [15] [16] [17] , and Fig. 1 schematically illustrates the discretized transmission line model of the cochlea. In this model, many mass-spring-damper systems line the length of the cochlea. Each mass-springdamper system is coupled to adjacent systems via fluid dynamics. An incoming sound wave affects the cochlear fluid and generates a pressure difference P d . This pressure difference drives the BM at cochlear location x. To model this coupling of the fluid and BM motion, the relationship between the pressure difference P d and the BM displacement $ b is given by
where & and H represent the fluid density and scale width, respectively. The boundary conditions at the basal and apical ends of the cochlea are given by
where $ s represents the inward displacement of the stapes footplate, and the double-dot notation denotes its second time derivative. Neely and Kim proposed a transmission line model with active and linear elements [20] . To simulate cochlear 2TS, we employ a nonlinear transmission line model [21] obtained by extending their model. This model consists of macro-and micromechanical models. The macromechanical model represents the coupling of the fluid and BM motion as described in Eq. (1). On the other hand, the micromechanical model represents the mechanical dynamics of the BM at each cochlear location, as shown in Fig. 2 . This model uses a two-degree-of-freedom model consisting of an OHC model and a saturation function.
In the developed transmission line model, the saturation function implies a mechanoelectrical transducer at the apex of the OHC. The input of the mechanoelectrical transducer is the displacement of the OHC's hair bundle $ c , which is represented by the gap between two masses as shown in Fig. 2 . The output of the mechanoelectrical transducer is the conductance that occurs along the open or closed channel at the apex of the hair bundle. The shape of the IO property of the mechanoelectrical transducer, G tr , can be 
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fitted by a second-order Boltzmann function [10] as follows:
where G tr max is the maximal transducer conductance, and K 1 and K 2 are variables given by
where a 1 , a 2 , $ c1 , and $ c2 are constants, and $ c rest is the rest point of the hair bundle. Figure 3 shows the IO property of the hair cell transducer, G tr , in Eq. (3). Table 1 
where tr is chosen such that $ The middle ear transmits eardrum vibrations driven by the sound pressure P e to the cochlea. The middle ear is modeled as a mass-spring-damper system with one degree of freedom and the following equation of motion:
where m m , c m , and k m denote the mass, damping, and stiffness of the middle ear, respectively. The initial conditions are given by
Simple Oscillator Model of Cochlea
The transmission line model can account for 2TS. However, the mechanisms of 2TS remain unclear because of its complicated mechanics. To investigate the frequency dependence of cochlear 2TS, we propose a simple oscillator model of the cochlea, as shown in Fig. 4 . This model is derived from the transmission line model so as to ignore the fluid coupling and reduce the system scale; it includes saturation feedback to reproduce the amplification, sharp tuning, and compressive nonlinearity. The saturation function has an important role in explaining the mechanics of 2TS [5, 9, 10] . Furthermore, it has been suggested that active OHC processes [22, 23] that include a saturation property generate nonlinear dynamics in cochlear mechanics [8] .
In the proposed model, the external pressure P both drives the mass m and changes the displacement $. The pressure P ohc affects the mass as feedback. The equation of [20] . The constants for mass, damping, and stiffness are represented by m, c, and k, respectively. P d denotes the pressure in the fluid, P a is the pressure produced by the OHC, $ b indicates the BM displacement, and $ t is the tectorial membrane (TM) displacement. The TM is located in parallel above the BM. 
where c is the damping coefficient per unit area and k is the spring constant per unit area. The values of c and k are given by
where ! n (¼ 2% f n ) is the resonant angular frequency (resonant frequency) and Q is the quality factor. The pressure P ohc is calculated in two stages. First, the saturation function G(Á) converts the displacement $ to $ nl , as described in Eq. (6), as follows:
Second, the pressure P ohc is adjusted by the gain factor as follows:
where _ $ nl is the derivative of the displacement $ nl . Tables 2 and 3 list the values of the parameters for the transmission line model and simple oscillator model, respectively. These values were estimated from cat auditory nerve data. We employed the Runge-Kutta method to calculate the displacement and velocity in the time domain. The probe frequency f p was set to 14,000 Hz, which is equal to the resonance frequency f n . For the transmission line model, we evaluated the BM displacement at 14,000 Hz at the CF site.
Numerical Calculation
To simulate 2TS, two sinusoids were input to the models. The inputs were the pressure on the eardrum and that on the BM for the transmission line model and simple oscillator model, respectively. The values of both these pressures are given by
where A and ! are the amplitudes and angular frequencies, and the subscripts p and s indicate the probe and suppressor, respectively. The suppressor frequency f s was varied from 1,000 to 13,900 Hz in 100 Hz increments. Both the probe and suppressor levels, L p and L s , respectively, were varied from 20 to 80 dB SPL.
RESULTS
Response to Pure Tones
The cochlear response to pure tones as a function of the input level shows compressive growth on a slope below 1 dB/dB at moderate levels [24] . This compressive growth can be realized by active nonlinear OHC processes [25] . Figure 5 shows iso-intensity curves for the probe tone calculated from the models. With the OHC model, the growth of the curves was compressive around the resonance frequency. In contrast, without the OHC model, the growth was linear. To compare these results, three feedback roles were employed. First, the feedback was used to amplify the displacement up to 40 dB. This value matched that in the experimental measurements in Ref. [24] . Second, the feedback was used to generate compressive nonlinearity via saturation. Third, the feedback depended 
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on the input frequency. These results match those of Ref. [25] , namely, that this active process defines the amplification, compressive nonlinearity, and frequency selectivity. Figure 6 plots the IO function of the displacement produced by two-tone excitation as a function of the suppressor and probe tone levels; two suppressor frequencies were investigated. For the probe tone, the displacement was constant, whereas the suppressor levels fell under a below threshold. When this threshold value was exceeded, the displacement decreased with increasing suppressor level. Moreover, this threshold increased as the probe level increased. For the suppressor tone, the displacement was negligible and was not suppressed by the probe at lower frequency ratios. However, when the frequency ratio approached 1, the displacement was suppressed by the probe tone. These trends appeared in both models.
IO Function in 2TS
Temporal Features in 2TS
Temporal responses to 2TS can be represented as AM signals when the suppressor frequency f s is lower than the probe frequency f p [4] [5] [6] . In Ref. [17] , temporal responses to 2TS were calculated as AM signals including the probe component f p and distortion components f p AE n f s (n is an integer) within a cochlear transmission line model. This indicates that temporal responses cannot be calculated when the probe frequency is lower than the suppressor frequency because the distortion components f p À f s become negative under this condition. Figure 7 shows the temporal responses to two suppressor frequencies. The waveform was calculated as the sum of the probe component f p and the distortion components f p AE f s and f p AE 2 f s to represent an AM signal. The magnitudes of the responses decreased when the suppressor tone was present. For the lower suppressor frequency, the amplitude of the response was modulated by the 1,000 Hz suppressor. Thus, phasic suppression was observed for the lower suppressor frequency. Tonic suppression was observed under these conditions. Figure 8 shows iso-suppression magnitude curves produced by two-tone excitation as a function of the suppressor frequency for suppression magnitudes of À6, À12, and À18 dB. For the transmission line model, the curves showed peaks and rapidly decreased when the suppressor frequency approached the resonance frequency. For the simple oscillator model, the curves decreased monotonically as the suppressor frequency increased and increased as the magnitude of suppression increased. Linear decreases were observed below half of the resonance frequency. Moreover, when the suppressor frequency approached the resonance frequency, the curves decreased more rapidly.
To evaluate the degree of modulation of the temporal responses, we calculated the modulation rate. This modulation rate was obtained from both the probe component f p and the distortion components f p À f s and f p þ f s , and it is defined as
where Ä represents the displacement of the models in the frequency domain and is calculated using a fast Fourier transform. Figure 9 shows the modulation rate as a function of the suppressor frequency for suppression magnitudes of À6, The probe level is 20 dB. The levels of the 1,000-Hz and 13,500-Hz suppressors are 55 and 30 dB SPL, respectively. Fig. 9 Modulation rate curves for suppression magnitudes of À6, À12, and À18 dB. The probe frequency is set to 1,000 Hz, and the suppressor frequency is varied from 1,000 Hz to 13,900 Hz. TL and SO indicate the curves obtained from the transmission line model and the simple oscillator model, respectively.
À12, and À18 dB, as in Fig. 8 . Under all conditions, the modulation rate decreased as the suppressor frequency increased. Further, the modulation rate increased with the magnitude of suppression.
DISCUSSION
Frequency Dependence of Cochlear 2TS
The proposed simple oscillator model reproduced the amplification, frequency selectivity, and compressive nonlinearity, as shown in Fig. 5(b) . Moreover, the transmission line model and the proposed model produced the same 2TS, as shown in Figs. 6 and 7 . In this section, we discuss the mechanisms of 2TS obtained from the proposed model.
Suppression in the proposed model can be explained by saturation of the feedback amplification. According to Refs. [9, 10] , suppression occurs via the saturation function. Therefore, in the simple oscillator model, the amount of feedback via the saturation function is reduced by the suppressor tone. Consequently, it is difficult for this feedback to amplify a response from the probe tone when the suppressor tone is inputted. Furthermore, this amplification is generated only for the resonance frequency, as shown in Fig. 5 . This indicates that the frequency dependence generated by saturating the feedback is related to both the amplification and frequency selectivity.
The saturation function shows the property of 2TS that a stronger tone suppresses a weaker tone [9, 10] . The proposed model illustrates the same 2TS property when the probe frequency is near to the suppressor frequency, as shown in Fig. 6(b) . However, in experimental measurement, the suppressor responses are not suppressed by the probe when the suppressor frequency is sufficiently below the probe frequency [4] [5] [6] . This trend is observed in the shape of the IO functions for the proposed model, as shown in Fig. 6(b) . When the suppressor frequency is sufficiently below the resonance frequency, the response to the suppressor cannot be amplified, as shown in Fig. 5(b) . Therefore, the frequency dependence of the IO function can also be accounted for by the saturated amplification.
Temporal features in the BM response to the probe tone vary with the frequency ratio of the two tones. Phasic and tonic suppression occur for lower frequencies and those nearer the CF suppressor frequency, respectively [4] [5] [6] . The proposed model reproduced both phasic and tonic suppression; however, this capability depends on the frequency ratio, as shown in Fig. 7 .
In this paper, we considered the temporal features of the displacement obtained from the proposed model as an AM signal. Figure 9 indicates that modulation occurs at a low suppressor frequency and a high magnitude of suppression. To account for this modulation, the band-pass filtering effect shown in Fig. 5(b) is used. As described in Eq. (15) , the modulation rate is calculated from the probe component f p and the distortion components f p AE f s . When the suppressor frequency f s is near the resonance frequency equal to the probe frequency f p , the distortion frequencies f p AE f s are far from the resonance frequency; thus, the distortion components are removed by the band-pass filter, as shown in Fig. 5(b) . On the other hand, when the suppressor frequency f s is sufficiently below the resonance frequency, the distortion frequencies f p AE f s are close to the resonance frequency; thus, the distortion components are not removed by the band-pass filter, as shown in Fig. 5(b) .
Comparison with Transmission-line Model
It is important to note that non-frequency-dependent 2TS has been reproduced by saturation functions related to the compressive nonlinearity ignoring amplification and frequency selectivity [9, 10] . However, amplification, frequency selectivity, compressive nonlinearity, and spontaneous oscillation are necessary to account for the nonlinearities in the cochlear mechanics [25] . In this section, we compare the simple oscillator model with the transmission model to extract key features of cochlear 2TS. Figure 5 shows the frequency-dependent features for a pure tone. The shape of the curves indicates that the BM motion removes high-frequency components. This tendency is easier to obtain in the transmission line model than in the simple oscillator model. This is because incoming sound is attenuated from high-frequency components by the cochlear fluid coupling according to the well-known traveling wave theory (e.g., Ref. [26] ). Furthermore, in both models, the OHC models generated resonance and compressive growth when the input level was at the probe frequency. These features are consistent with the amplification, frequency selectivity, and compressive nonlinearity caused by the OHC motility, as proposed in Ref. [25] . Figures 6 and 7 show the frequency dependence of cochlear 2TS. For the transmission line model, the characteristics of 2TS were obtained by fluid coupling and the action of many OHCs. This result is considered to indicate that 2TS can be obtained by a complicated mechanism. However, as described in Sect. 4.1, the mechanism of the frequency dependence of cochlear 2TS in the simple oscillator model can be explained by amplification, frequency selectivity, and compressive nonlinearity. Thus, the transmission line model also contains the equivalent functions. Therefore, the key features for the frequency dependence of 2TS are amplification, frequency selectivity, and compressive nonlinearity.
CONCLUSION
To investigate the frequency dependence of cochlear 2TS, we developed a simple oscillator model that included feedback via a saturation function. The model showed amplification, frequency selectivity, and compressive nonlinearity in response to pure tones and the frequency dependence of cochlear 2TS for two tones. Consequently, it is suggested that cochlear 2TS is produced by amplification, frequency selectivity, and compressive nonlinearity enhanced by the saturation function.
